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Abstract
The purpose of this study was to investigate the effects of different mould coatings
on ejection force in micro injection moulding, for a selection of thermoplastic poly-
mers. Two semi-crystalline and two amorphous polymers were sorted. According to
their potential affinity with the selected injected polymers, three different coatings
were chosen: two types of Diamond Like Carbon (DLC) and a Chromium Titanium
Niobium Nidride (CrTiNbN) coating. The mould cavity was designed to present
interchangeable cores, this parts were manufactured by micro milling, than coated.
In order to isolate the effect of polymer adhesion on the demoulding force, they
were finally characterized in topography and geometry. Adhesion work was also
correlated to the various combinations of injected polymers and surface coatings.
Evaluating the interface contact angle between polymers and coated surfaces at
the melt temperature, the wettability analysis was performed. In accordance with
results of this work, the optimal mould coating should be selected, in order to mini-
mize the ejection force for a certain polymer, considering its wettability properties.
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Preface
All industrial fields, from automotive to biomedical, from aerospace to information
technology, are developing systems that need light and thin components. Many
technologies at the state of art are useful to manufacture micro devices, but micro
injection moulding process is the most promising in terms of wide scale production
and high precision products.
In injection moulding is increasing the demand regarding geometrical complex-
ity and dimensional accuracy. Several technological issues are posed in particular
in microfluidic devices, that are used in large variety of applications in healthcare
sector (figure 1).
Principal aim of micro injection moulding development is manufacture of
relative economical parts that can be produced respecting severe dimensional
requirements in an almost automatic way. Injection moulding process is the most
quick process among other manufacturing technologies, therefore it is a interesting
research field in order to produce large quantities of good quality component in
short time.
Figure 1. Microfluidic device manufactured by injection moulding.
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Figure 2. Examples of micro devices produced by injection moulding.
Injection moulding technology allows usage of a wide range of mouldable
polymer, making de facto every required device possible.
The only limitation to micro injection moulding process is given by geometry;
because of the nature of the process itself, moulds cannot present undercuts or
features with too elevated aspect ratio, otherwise the piece would not be extracted
from the mould or polymer would cool down to early without completely fill mould
cavity.
Micro parts are characterized by a larger surface in comparison with volume,
thus cooling rate is higher: rapid cooling induces high shrinkage of polymer on
mould walls and that is the major disadvantage of injection moulding technology,
which has to be reduced.
Friction during ejection phase generates stresses in the moulded part that
could lead to deformations or damages. To guarantee an high quality process
thermal, chemical and tribological condition at polymer-mould interface have to
be understood.
Ejection system of this technology consists in application of local forces through
ejection rods in specific points of the part. Because of reduced dimensions of parts
and small number of possible ejectors, local forces could be so high that distortions
or fractures may occur. To obtain parts with required quality and tolerance ejection
forces have to be reduced.
In order to reduce stresses at the interface between mould and part during
ejection phase, many strategies can be adopted. In particular, from literature mould
surface coatings seam to be a solution that permits to successfully improve tribo-
logical conditions at interface reducing ejection stresses. This work will investigate
ejection forces at variation of mould coatings.
A surface coating can modify chemistry of interface between polymer and
mould surface; polymers wettability properties could affect the filling and de-
moulding phases. Recent studies suggest that interfacial tension, which is the stress
required to separate the viscous fluid from solid mould surface, could be used to
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predict demoulding resistance (that is inversely proportional to friction). Hence,
two materials with high interfacial tension are easy to separate. For this purpose
wettability has to be evaluated considering the contact angle between plain surface
and a drop of melted polymer.
Aim of the study. In this study, behaviour of four different materials during ejec-
tion phase from one uncoated and three coated moulds was evaluated. Rheological
properties of polymers and tribological conditions at interface were considered, in
order to refer results to the only interaction between polymer and coating material.
Outline. A general introduction to micro parts and micro injection moulding
process is present in chapter 1; chapter 2 is a literature review of demoulding
process and parameters that affect it.
Second part includes the experimental setup description: in chapter 3 materials
and their properties are considered; chapter 4 resumes steps needed to mould
production and chapter 5 is a particular presentation of injection moulding machine
used.
Third part report experimental analyses carried: chapter 6 talks about surface
characterization operations; chapter 7 presents results of wettability tests and
chapter 8 defines the final evaluation of demoulding force.
In the end, chapter 9 summarizes researched work to conclude this study.

Part 1
Literature review

Chapter 1
Micro parts
There are several fields such as biomedical, automotive, telecommunication, infor-
mation technology and aerospace, where micro devices are required.
Main reason why micro parts are developed is the necessity of a downsize prod-
uct in order to have a lighter and smaller piece (particularly in aerospace industry)
or a multifunction device that consumes less energy (for example micro chips in
information technology). The research in micro technologies allows the realisation
of new products and permits the development of high precision processes.
The definition of micro component depends on the used production technology
and its characteristics. Since this study is based on micro injection moulding
process, a part product by this technology can be defined in the following way
according to [3]:
(1) mass of the component is few milligrams;
(2) tolerances of part dimensions belong to micro metric range;
(3) some features are estimated in the order of micro meters, or the wall
thickness is minor than 100 µm.
In order to produce micro parts different materials can be used: polymers,
glass or metals; replication is one of the most important capabilities that must be
considered in the choice of right material for part production. In this study only
polymeric materials were used.
Polymers can be divided in two big categories: thermoplastic and thermosetting.
Thermoplastic polymers: soften when temperature increases and harden
when cooled. The process is reversible and repeatable with temperature
variations. Material may degrade if temperature exceeds the level at
which chemical bonds between monomers broke.
Thermosetting polymers: harden with rising temperature and do not soften
any more if temperature increases again. The process is irreversible.
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Figure 3. Relation between specific volume and temperature for poly-
meric materials.
In figure 3 is reported the schematic behaviour of polymer specific volume in
relation with temperature variation. Two temperatures are to be considered in this
analysis.
(1) Tg is the glass transition temperature around which a gradual trans-
formation from a liquid to more viscous fluid happens. The inverse
transformation occurs when the temperature increases.
(2) Tm is the melting temperature, i.e. the point beyond which the solid
thermoplastic polymer becomes a viscous liquid.
Both Tg and Tm are important material characteristics useful to describe replication
mechanisms.
The same figure shows how the material specific volume decreases with lower
temperatures: this phenomenon is called shrinkage. During cooling different
shrinkages between polymer and mould develop and stresses are generated in
demoulding phase. Considering this effect the mould cavity should be designed
with larger dimensions in comparison with the required size of the part.
Both injection moulding processes (micro and macro) require the polymers to
meet severe operation conditions in terms of high temperature and pressure and
in general all standard thermoplastic materials used for injection moulding are
suitable also for micro process. The choice of the right polymer to mould depends
on the physical properties the finished part need to present. Aspects linked to
consequent device application, which are to be considered, belong to mechanical,
thermal and chemical fields. Moreover electrical characteristics, optical properties
or biocompatibility are to be investigated. In case of micro applications costs are
less considered because of the small component sizes and the low material quantity
required.
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However polymers requirements are also to be researched in manufacturability
of micro components. In fact different polymers influence the moulding efficiency
with flowability, heat transfer ability and cooling shrinkage. In particular a polymer
for micro injection moulding should present low viscosity to efficiently fill micro
cavities: therefore most of micro injection moulding materials are low viscosity
formulations of standard polymers.
1. Development of micro technologies
At the actual state of art micro parts have been successfully developed as prototypes
in research laboratories, but costs are still too high for mass productions. In order to
obtain cost effective manufacturing technologies, high production rate and accuracy
should demonstrate high.
Micro moulding process permits to transfer precise micro structures designed
on metallic moulds to moulded polymeric components. This process includes
several technology among which there are injection moulding, reaction injection
moulding, hot embossing, injection compression moulding and thermoforming [3]
and [26].
Micro injection moulding: is the most promising process in order to have
an economic mass production. Following steps describe a general injec-
tion moulding process: mould cavity is closed, evacuated and heated at
a temperature major than polymer glass transition temperature; melted
material is pushed and pressed into the cavity then the mould is cooled
down again below glass transition temperature. In this way the solidified
part can be demoulded.
Reaction injection moulding: is similar to injection moulding, but it uses
two component as injection material: this permits to mould composite
materials and thermosetting polymers [26].
Hot embossing: is a process that provides a film of thermoplastic material
inserted into the mould, which is heated in order to soften the polymer.
In a evacuated chamber the micro structured mould insert is pressed
against the film with high pressure: the mould insert is filled by polymer
and micro structures are replicated in details. After the mould is cooled
down the insert can be removed and the part is formed [26].
Injection compression moulding: is a combination of hot embossing and
injection moulding. In this process the melted polymer is injected by a
screw into an almost closed cavity and pressed against the micro struc-
tures in the tool closing phase.
Thermoforming: is a particular technique used to form thin thermoplastic
films. The film is inserted into the one-side-only micro manufactured
mould, which is closed and evacuated. The film is pressed against the
tool by a gas at high pressure, then cooled down and demoulded.
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2. Micro injection moulding
Micro injection moulding is the technology that most assures a good quality result-
ing component and an easy manufacture process. It allows mass production with
relatively low costs, has a short cycle time and a great potential for full automation.
Moreover this technique provides accurate replication and dimensional control.
Advantages of micro injection moulding compared with other micro manufac-
turing techniques are the following [3].
(1) A wide range of thermoplastic polymers can be used (low viscosity for-
mulations of standard polymers).
(2) The potential for full automated production cycle.
(3) Short cycle time.
(4) Relatively low costs for mass production.
(5) Accurate replication of micro features on mould structure.
(6) Good dimensional control of final product.
On the other hand, this production process has some limitations that need to
be overcome before micro injection moulding fabrication of micro components can
be realized in wide scale [57].
Principal disadvantages are defined by following elements.
(1) Mould and component design: there are limited allowed geometrical de-
signs to ensure smooth demouldability, because of the end shape process
nature.
(2) Performance of mould machine: optimization of process parameters is
needed, in particular in case of high aspect ratio features, in order to
produce qualitative acceptable components.
(3) Need of right material choice and processing conditions.
It is important to correctly design the mould in order to avoid problems during man-
ufacturing phase: part dimensions and position and shape of parting line must be
carefully projected. Moreover, also tolerance and surface finishing of mould cavity
as well as undercuts and specific features have to be considered in mould design.
2.1. Injection moulding machine development. An injection moulding machine
consists in four parts: plasticizing and injection unit, clamping unit, mould cavity
and ejection system. Conventional injection moulding machines can be electric,
hydraulic or hybrid, depending on their power.
With the aim of micro part production, all parts must be very accurate: posi-
tioning, movement and alignment of two mould half as well as linear and rotational
precision of machine screw have to be ensured. With servo hydraulic systems this
required accuracy is difficult to obtain, therefore servomechanisms of electrically
driven machines can be used [55] and [60].
Whereas the identification of switch over point using injection pressure in
traditional injection moulding machines is not accurate enough for micro scale,
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micro injection moulding machines use injection plunger position to determine it
[55].
Furthermore, because of the smaller sizes of tools required in micro injec-
tion moulding, the whole machine can present reduced dimensions compared to
traditional injection moulding machines.
In the evolution of micro injection moulding machines from the macro ones,
two different designs have been developed [55] and [60].
(1) First design descends directly from the simple miniaturization of macro
injection moulding machines. For micro machines the screw diameter is
typically smaller than 20 mm but down limited approximately to 12 mm,
because the pellet needs to fit into screw channel and is characterized by
a conventional size.
(2) Second design separates the units of plasticizing and homogenization
from injection system. This design can be realized in two different ways:
one provides usage of a plunger and a hot cylinder (as shown in figure 4),
the other uses a conventional small screw and a barrel (figure 5). Gener-
ally screws provide a more homogeneous plasticization than plungers.
2.2. Injection moulding functioning. Injection moulding process, that happens
in Micro Power 15 from Wittmann Battenfeld, consists in seven principal phases
that can be summarize as following.
(1) Introduction of polymer pellet in the fixed extruder screw and plasticising
in this heated barrel: screw is designed with a first feeding section, a
consequent compression zone.
(2) Filling of metering chamber of injection unit.
(3) Enclosure of shut off valve to avoid polymer back flow.
(4) Push of the predefined melt polymer volume from the chamber into the
injection barrel by plunger.
(5) Pressing of melt polymer in mould cavity by injection plunger.
(6) Holding pressure for a specific time to compensate material shrinkage.
During cooling the polymer solidifies because of the mould temperature
decreasing below glass transition temperature.
(7) Ejection phase thanks to extractor rods [3].
In order to obtain a complete replication of micro features before the material
solidification temperature gradient between mould and melting polymer should be
minimized. Therefore, in micro injection moulding mould temperature is higher
than the one in traditional macro process and temperatures over glass transition
temperature can be reached. The principal disadvantage consequent to mould
heating is an increase of cycle time that could lead to a material degradation of the
material located in the barrel [3] and [60]. Another consideration is about air vents
in mould cavity: because of their dimensions similar to micro structures in mould
cavity, they have to be evacuated with an external evacuation system in order to
avoid defected inducted by compression.
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Figure 4. Design of injection system with hot cylinder and plunger. Plas-
ticizing piston measures the right quantity of polymer and pushes it
through the hot cylinder; injection piston fills the mould.
Figure 5. Design of injection system with screw and barrel, and function-
ing phases. Screw plasticizes homogeneously melt polymer (a), which is
moved in a chamber (b) and then is pushed in the mould cavity by a
plunger (c).
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2.3. Process parameters affecting replication quality. The most efficient combi-
nation of injection moulding parameters has already been researched in many
studies, and it has been shown that a single combination can not be found for all
the possible materials. Process parameters affect differently various polymers, the
following were found to be in general the most influential:
• mould temperature;
• melt temperature;
• injection speed;
• injection pressure;
• holding time;
• holding pressure; and
• cooling time.
In order to evaluate the replication quality some process responses have to be
considered. In literature are reported the most important:
• filling quality of micro sized channel;
• feature dimensions;
• part mass;
• flow length;
• filling volume fraction;
• weld line formation;
• demoulding forces;
• mould cavity pressure;
• minimum injection time; and
• pressure and temperature distribution.
The different chosen responses of statistical studies can lead to different main
results [2].

Chapter 2
Demoulding
Last step of injection moulding process consists in removing of finished part
from mould cavity, when it is enough solidified to remain stable outside mould.
This operation could influence component mechanical properties and should be
executed in the most careful way possible.
With size reduction from macro to micro parts, possible sites in which locate
ejection pins decrease. Moreover also the micro part itself becomes weaker and
more damageable compared to macro parts, which are sufficiently rigid to tolerate
ejection force without deteriorating themselves.
Various defect can be generated during ejection phase: in figure 6 are reported
two examples of demoulded part defects for a component in Policarbonate (PC).
This images demonstrates how the rods diameter can affect demoulding effects:
with a larger ejection surface defects are smaller (but it also depends on material
type) [24] and [22].
Figure 6. Demoulding defect on PC parts, on the left with 3 mm ejector
pin and on the right with 1.6 mm.
During cooling phase both mould and polymer thermal contraction occurs,
because of the different thermal expansion coefficients metal and plastic parts have
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Figure 7. Demoulding scheme.
different contractions: in particular thermal expansion coefficient of metallic core
is lower than the one of polymer. Thus, during shrinkage of thermoplastic polymer
normal stresses around the core surface arise. In order to overcome this stresses
at the part-mould interface, ejection rods have to apply a significant force at the
part. This demoulding force is a parameter to consider during mould design and
has to be minimized to avoid significant defects in the part. All other parameters
that influence demoulding behaviour have to be studied to avoid part structural
failure or deformations.
Stresses which develop in moulded part are strongly related to normal pressure
and consequently to shrinkage, part stiffness and mould packing. A tangential
force is required to overcome such normal forces effect and has to generate relative
motion between part and tool during demoulding process [48]. Figure 7 shows a
schematic demoulding example.
Demoulding forces increase for micro features with high aspect ratios (sec-
tion 2), because of the wide contact area between mould and polymer [60]. Ejection
system induces local forces on moulded part and their sum must exceeds holding
forces which keep finished part in contact with mould moving part. In order to
avoid damages (as core breaking) during detachment of polymer from mould, stress
applied should not exceed material tensile yield stress: applied ejection force has
to be confined in this range between holding forces and tensile yield stresses.
A usual ejection force system provides a series of ejector rods and each of them
has to overcome the local friction force without introducing defects to removed
part: part deformation is affected by pins number and position in mould cavity
[24] and [32].
1. Demoulding friction models
Definition of demoulding force can be enunciated as the force necessary to start
the ejection movement of the part without considering frictional effects of actual
ejection mechanism.
The prediction of demoulding force could help in mould design, in order to
do that several models have been proposed assuming the existence of an accurate
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friction coefficient. Friction can be defined as resistance to relative motion offered
by bodies in contact [48].
Ejection forces occurring during demoulding phase are representable with two
type of friction coefficient.
(1) Static friction coefficient, that derives from shrinking of part on core and
describes the initial breakaway motion stage.
(2) Dynamic friction coefficient, that occurs when part moves relatively to core
surface [37] and [14].
In order to demould a part the static friction coefficient is the most important to
consider because is the major between both.
From empirical Coulomb friction law derive most of mathematical models,
that describe tangential force required in demoulding stage in order to overcome
frictional forces.
[18] describe the release force (FR) with Coulomb model:
FR = µ · ps ·Ap
where:
µ = dimensionless friction coefficient
ps = surface pressure
Ap = involved surface
This surface can be determined for simple geometries by a qualitative consideration
of part shrinkage. Local surface pressure is the result of part shrinkage and depends
mostly on material and processing parameters. µ depends on several factors as
material, mould surface roughness, moulding pressure, demoulding velocity and
mould temperature.
Because of the difficult determination of friction coefficient and contact pres-
sure, four alternative methods are following presented in order to permit estimation
of ejection force.
(1) [35] develop a ejection force equation for a vented cylinder that is:
FR = µ ·E ·∆dr · sm · 2piL
where:
E = elastic modulus of thermoplastic polymer at ejection
temperature
∆dr = relative change in diameter of part immediately after ejection
sm = part thickness
L = part length in contact with mould core
(2) [11] demonstrate that ejection force is affected by cooling time, surface
finish, direction of polish and draft angle. The equation that descends
from their study for a box shaped not vented part is:
FR = µ ·E ·α · (TS − TE) · 8smL1− ν + (W1W2pA)
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where:
α = thermal expansion coefficient
TS = temperature at shrinkage starting
TE = temperature at ejection instant
ν = Poisson ratio
W1,W2 = widths of rectangular core sides
pA = atmospheric pressure
(3) [21] defines contact pressure (ps) as:
ps =
α(TM − TE) ·E
1
2t − ν4t
where:
TM = temperature at softening point
t = part thickness
Therefore, ejection force results:
FR =
α(TM − TE) ·E ·piL ·µ
1
2t − ν4t
.
(4) [29] develops a ejection force equation for hollow thin walled cones with
a draft angle θ and considers vacuum forces:
FR =
2piE ·  · sm ·L
1− ν ·
cosθ(µ− tanθ)
1 +µsinθ cosθ
+ 10B
where:
 = elastic strain
B = projected area of core surface in core axis direction
First part of multiplication refers to contact pressure and the second to
friction force; last term represents vacuum force.
These various types to define the same concept show the difficulty to consider
the whole amount of parameters that affect ejection force. In each specific case,
the right model has to be used considering parameters that have a real effect on
demoulding phase.
2. Parameters affecting demoulding force
As demonstrated in previous section, demoulding force is affected by several
parameters: in this part are presented the most influential, such as properties
of injected material, process parameters, mould structure and surface finish and
dimensioning of actuation devices.
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2.1. Actuation devices. In order to demould a finished part from the mould cavity,
actuation devices are need. The most common situation provides usage of ejection
pins that are economic and easy to install. Principal disadvantage of ejection
rods lies in high local stresses and strains that these devices generate in part
during ejection phase causing deformations and damages in solidified polymer
[32]. Therefore, a proper layout and dimensioning of the ejectors has to be studied.
However, micro components offer limited space for optimum positioning because
of their reduced surface [24].
In order to determine size and layout of rods, [32] proposes a method that
permits to minimize deformation and damage. This strategy first computes the ejec-
tion force needed to overcome friction between mould and part, second transforms
this distributed force in an equivalent set of discrete forces. As third step both
location and size of ejectors are determined in order to obtain these discrete forces.
In their studies [4] observed that also ejector number affects stresses at mould-part
interface, in particular a greater number of pins reduces stress distribution in
moulded part.
Also mould design affects actuation device, in fact in [3] mould features place-
ment is studied and the result is that demoulding forces increase when features are
further from shrinking centre.
2.2. Aspect ratio. Mould design could influence both injection and ejection phase.
A parameter that describes features geometry is the aspect ratio (AR). It is defined
as the ratio between longer dimension and shorter one. In particular for geometries
used in this study aspect ratios for mould cores and part channels are defined as
follows:
ARcores =
height
diameter
and ARchannels =
height
width
.
[3] suggest that the critical minimum dimensions which can be successfully
replicated by injection moulding are mainly determined by size of structural feature
aspect ratio as well as size of area covered with such structures.
Achievable aspect ratio is limited by a series of variables that are function of
micro features geometry, their position, polymer nature and process parameters.
A physical effect directly linked with aspect ratio is hesitation effect, which is
a phenomenon that occur when a polymer tends to easily flow into cavities with
low resistance areas of greater cross section and consequently flow stagnates at
the entrance of micro structures. The negative result is that polymer cools down
quickly and does not fill the entire cavity. Micro features with an high AR have
wide surface compared with volume, so higher cooling rates occurs [3] and [57].
Shear thinning effect can be described as a considerable heating due to viscous
dissipation near cavity wall when high shear stresses are present. Viscosity of melt
polymer decreases near walls and also thin walled parts with high aspect ratio can
be filled.
2.3. Injected material properties. Another factor that influences demoulding
stage is the orientation of injected polymer: a preferential orientation during
injection phase leads to a certain shrinkage direction. Thus, in [3] is affirmed that
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injection polymer path inside mould has to be considered for microfluidic substrate
design.
During cooling phase, temperature changes and undergoes glass transition
temperature. This leads to volume variations of the cooling polymer that are the
result of shrinkage process. As previously explained this behaviour influences a lot
ejection forces. A polymer shrinkage behaviour can be evaluated with commercial
simulation programs, if the particular polymer is present in database.
2.4. Melt and mould temperatures. In [47] is affirmed that increasing injection
temperature reduces shrinkage, because of the better pressure transmission. Con-
versely, [22] show that ejection force is negatively influenced by melt temperature
after its maximum has been reached. Maximum ejection force is strongly dependant
on moulding factors that enhance surface replication: higher injection temperature
allow a minor polymer viscosity that leads to a grater friction due to polymer
interlocking at mould interface. Melt temperature has to be balanced between
these two aspects.
In order to avoid high interlocking problems, in micro processes high mould
temperature is adopted: it is usually set over glass transition temperature. In
this way filling ratio is improved and replication of micro features is favoured.
Increasing of mould temperature reduces ejection force.
2.5. Packing pressure. With the aim of decreasing demoulding forces, an high
holding pressure and a long cooling time are required. In their study, [22] found
that a direct correlation between ejection forces and holding pressure. They show
that a excessive increasing of pressure leads to a great ejection force that needs to
be applied for a long time, this increment produces an higher risk of damages and
deformations due to higher stresses induced in part.
Other studies ([42] and [28]) conclude that shrinkage is affected by packing
pressure. In addiction, [47] affirms that an higher holding pressure reduces part
shrinkage in all directions. As for other parameters, the optimum value lies in the
middle in balance between disadvantages provide by excesses in both directions.
2.6. Injection speed. Generally in micro injection moulding, a great injection
speed is preferable in order to avoid early polymer solidification due to rapid
cooling in mould. An high injection speed does not influence directly ejection
force value, but it is important to obtain a close replication of micro features and a
complete cavity filling.
For micro injection production, high process parameters are advantageous
in the limit of replication fidelity and polymer dimensional stability. However
these parameters must be superior limited to avoid affection of demoulding phase.
In order to obtain the best result in terms of high performance process and high
quality moulded part, theoretical best value for all injection parameter has to be
found for each specific case.
2.7. Influence of superficial roughness. In literature has been observed that gen-
erally ejection force decreases with decrement of mould surface roughness. But the
opposite effect can be found is nano structures or highly polished surfaces are used
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[52] and [48]. At least, from this study can be observed that in order to minimize
demoulding force a optimal surface roughness exists.
In figure 8 the effect of different surface roughness levels on ejection force, for
various materials are reported from [52]. In case of Polypropylene (PP) demoulding
forces decrease with increase of surface roughness until the values reaches 0.2 µm.
After this value ejection force starts increasing as long as roughness increases.
Analogous graph is for Poly(methyl methacrylate) (PMMA): demoulding force
decrease until roughness of 0.092 µm is reached, then it rises up to an Ra value of
0.689 µm. The same plot generated for Polyethylene terephthalate (PET) presents
an almost straight decrement of ejection force until Ra is 0.026 µm, then it decrease
slowly to 0.212 µm and slowly rises till 0.689 µm. These graphs clearly show the
existence of an optimum roughness value for each material.
Conclusively ejection force highly depends on mould surface, and in order to
minimize roughness effects on demoulding phase a common practice is to produce
a surface finishing in ejection direction.
2.7.1. Roughness parameters. Principal parameters that should be investigated in
order to determine roughness properties of a certain acquired profile are the fol-
lowing.
Ra: arithmetic mean deviation of the assessed profile: defined on the sam-
pling length. Ra is used as a global evaluation of the roughness amplitude
on a profile and is meaningful for random surface roughness machined
with tools that do not leave marks on the surface, such as sand blasting,
milling, polishing.
Rp: maximum profile peak height: height of the highest peak from the
mean line, defined on the sampling length.
Rv: maximum profile valley depth: depth of the deepest valley from the
mean line, defined on the sampling length.
Rz: maximum height of the profile: defined on the sampling length. Rz
parameter is frequently used to check whether the profile has protruding
peaks that might affect static or sliding contact function.
Rk: core roughness depth.
Rpk: reduced peak height. This parameter is used to characterize protrud-
ing peaks that might be eliminated during function.
Rvk: reduced valley depth. This parameters is used to characterize valleys
that will retain lubricant or worn-out materials.
Sa, Sp, Sv, Sz, Sk, Spk, Svk correspond to the previous parameters, when estimated
for a surface and not for a profile.
The Abbott-Firestone curve describes the surface texture of an object; mathe-
matically it is the cumulative probability density function of the surface profile’s
height and can be calculated by integrating the profile trace. This curve is used to
estimate hills and valleys and is directly linked to Spk, Svk, Rpk and Rvk.
2.8. Superficial coatings. Surface coatings can be a valid alternative to reduce
demoulding force, because they can fill cavities and sooth wrinkly surfaces and
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(a) PP.
(b) PMMA.
(c) PET.
Figure 8. Relation between ejection force and surface roughness for dif-
ferent polymers.
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also own chemical properties that can influence demoulding phase. These chemical
properties of coating materials can ease or make more difficult extraction process:
it is important to consider the specific combination of coating material and injected
polymer.
Coatings can be produced by many techniques as Physical Vapor Deposition
(PVD), Chemical Vapor Deposition (CVD) or Pulsed Laser Deposition (PLD) in this
way resistance of tool surfaces is improved and part-mould forces are reduced.
[25] investigate different behaviours of treated and untreated tools. Surface
treatment chosen is DLC, and two materials are tested for injection moulding.
Average demoulding forces measured for both polymers permit to conclude that
surface treatments significantly reduce the extraction force in comparison with
untreated tools. As noticed by [12] also polymer nature can affect the results in
term of work energy necessary to eject part from insert.
[44] observed that ejection stage is divided in a static phase (unsticking) and a
dynamic phase (dynamic friction). This study shows that amorphous polymers are
sensitive only to unsticking; whereas for a semi-crystalline polymer, which has a
higher shrinkage, contribution of dynamic friction is more relevant and friction
value behaviour has no transition between unsticking and dynamic friction steps.
For both polymer types it has been noticed that coatings influence ejection force as
of their thermal properties, roughness and physical adhesion of polymer on surface.
Consequently, in case of coated mould couple polymer-coating is the parameter
that mostly influences the demoulding force value.
3. Mould wettability
The aim of this study was to understand how different materials interact with
various surface coatings, so the most interesting zone to analyse is the interface
between mould and polymer during ejection phase. In order to do that, wettability
of coated mould was investigated.
Wettability is the capability of a liquid to partially or completely wet a surface
where is deposed. The only physical parameter necessary to define this property is
contact angle between liquid drop and surface that is consider infinitely wide and
plain [20], [6], [7] and [8].
Contact angle depends directly on surface properties as finish and material.
Considered system consist in three physical phases: surface is solid, drop is liquid
and atmosphere is gas. Between each phase there is a separation surface, at each
interface a stress belong. Figure 9 represent a schematic example of stress distribu-
tion: γSL is stress at solid-liquid interface, γSG lies at solid-gas interface and γLG
represents stress between liquid and gas, its direction is tangential to drop profile
in contact point.
Contact angle can be determined considering these stresses by:
cosθ =
γSG −γSL
γLG
.
If a liquid is required to spread over solid surface, is necessary that its surface
stress does not exceed solid surface stress. Vice versa if the liquid should wet less
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Figure 9. Drop of liquid on a plain and schematic representation of sur-
face stresses, θ is the contact angle.
solid surface, its surface stress must be higher than the solid one.
Solid surface free energy can be divided in three categories.
(1) Materials with high surface free energy present strange atomic bonds
of chemical type (covalent, ionic and metallic). Polar liquids are able to
completely wet an high energy surface.
(2) Material with low surface free energy present weak molecular bonds of
physical type (Van der Waals and hydrogen bond). These surfaces allow
partial or complete wetting depending on liquid nature.
(3) Material with extremely low surface free energy are usually polymers
and fluoromaterials.
In this study coatings belong to the second category, and the contact angles
have been estimated for several combinations of polymer and coating.
3.1. Viscosity. Viscosity is a fundamental property of injected material, because
leads mould filling phase. If a polymer presents an higher viscosity filling opera-
tions result more difficult and micro features could not be replicated as required.
In order to make less viscous a polymer temperature is increased.
William-Landel-Ferry model can be used to predict the effect of temperature
on viscosity. The WLF equation is used for polymers that have a glass transition
temperature. The model is:
η(T ) = η0 exp
(−C1(T − Tr )
C2 + T − Tr
)
where:
T = variable temperature
Tr = experimental parameter linked to glass transition temperature
η0,C1,C2 = empirical parameters obtained through regression to experimental
data
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This method is useful because permits to easily predict the viscosity value at the
melting temperature used during experimental process.
Due to their large molecular mass, polymers used in injection moulding process
are viscoelastic materials, that means they perfor. Elastic materials return quickly
to their original state, when stresses are removed. Viscoelastic materials presents
characteristics of both cases, therefore they exhibit time dependant strain.
In case of injection moulding technology, a melted polymer that flows into a
cavity channel of thickness t with average speed of vav is characterized by a mean
shear rate (γ˙av) and a shear stress (τ), that represents the resistance to deformation,
which are respectively:
γ˙av =
2vav
t
and τ = η · γ˙ .
η is the melted polymer viscosity and varies with material and temperature as de-
scribed by WLF model. This property can be defined as material internal resistance
to deformation, and mathematically as:
η =
τ
γ˙
.

Part 2
Experimental setup

Chapter 3
Materials
In order to study interaction between injected material and mould coating, four
polymer were selected.
The main difference between the principal categories of polymers (thermoplas-
tic and thermosetting polymers) has to be researched in their molecular structure.
Thermoplastic materials are characterized by polymer chains associated with in-
termolecular forces, which, becoming weaker at the increasing of temperature,
lead to a viscous liquid. Therefore thermoplastics can be reshaped by heating. On
the other hand, thermosetting polymers derive from a prepolymer in a viscous
state that changes irreversibly into an infusible and insoluble polymer network by
curing process.
Chosen materials are all thermoplastic polymers, so they are characterized
from a glass transition temperature and a melting point. When the temperature
sets between these values physical properties of the material change without being
associated to a specific phase change. Thermoplastic polymers become mouldable
and can be processed by injection moulding, then they solidify upon cooling.
The main partition in thermoplastic category has to be seek in molecular struc-
ture, which can be amorphous or semi-crystalline. In the first case polymers appear
transparent and in the second case they are matt. Amorphous polymers present
twisted chains, instead semi-crystalline polymers have ordered chains in the same
orientation, interspersed with amorphous zones.
1. Characteristics of materials
Two of the selected polymers are amorphous: Polystirene (PS) and Cyclic Olefin
Copolymer (COC); the other two are semi-crystalline: Polyoxymethylene (POM)
and Polyamide (PA). In particular the used material are:
• Total, PS Crystal 1540;
• Basf, POM Ultraform H2320;
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Table 1. Physical properties of different polymers.
Property PS POM PA COC
Chemical formula (C8H8)n (CH2O)n (C6H11NO)n (CH2)n − (CH)n
Structure Amorph. Semi-cryst. Semi-cryst. Amorph.
Transition temp. (◦C) 100 145 230 134
Ejection temp. (◦C) 86 110 180 200
Melt temp. (◦C) 235 200 280 260
Elastic mod. (MPa) 3200 3200 3100 3200
Dehumid. (◦C×h) 90× 2 80× 3.5 80× 6
• Basf, PA6 Ultramid B40 LN; and
• Topas, COC 5013L-10.
The choice of these particular materials was lead by their high flow ability, that
makes them suitable for micro injection moulding applications.
1.1. Physical properties. Main properties of selected materials are reported in
table 1. It is important to notice that three polymer of four need to be dehumidified:
presence of humidity in injected material could affect negatively final resulting
part, because at the melting temperature water withheld in processing polymer
evaporates producing bubbles and awaking the final demoulded piece.
An important physical property to take in consideration is viscosity. To deter-
mine the variation of polymers viscosity in function of shear rate and temperature
a rotational rheometer (TA Instruments, ARES) and a capillary rheometer (Ceast,
Rheo 2500) were used.
In plot 1 correlation of viscosity and shear rate is represented for different
temperatures. The trends are similar, but it is clear that, with an higher temperature
(T), viscosity (η) decreases at same shear rate value (γ).
Moreover plot 2 shows the variation of specific volume (vs) with temperature,
at different pressure (P) levels. An higher pressure determines a lower specific
volumes, that means a higher density (ρ = v−1s ).
In order to compare the rheological behaviour of different material a WLF-
model was fitted to the experimental data. In plot 3, for each material the viscosity
value estimated at different temperature and for a fixed shear rate of 200 s−1 is
reported.
From plot 3 can be noticed that PS and COC have the lowest values of viscosity
at the considered temperatures, on the other hand POM and PA are more viscous
at the same temperatures. This behaviour can be related to the molecular structure
of polymers, in fact PS and COC are amorphous structured, POM and PA are
semi-crystalline instead. This analysis leads to the conclusion that PS and COC can
replicate topography of mould surface better than POM and PA, thanks to their
low viscosity.
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Table 2. Injection moulding parameters employed for each polymer.
Parameter Unit PS POM PA COC
Melt temperature ◦C 240 235 240 265
Mould temperature ◦C 60 80 70 100
Injection speed mm/s 200 200 200 200
Packing pressure bar 150 150 150 150
Switch over bar 690 640 700 720
Dosage mm3 64.8 67.7 62.8 66.7
Cooling time s 6 6 6 10
Ejection velocity mm/s 10 10 10 10
Extractor displacement mm 3 3 3 3
1.2. Injection parameters. The right choice of injection moulding parameters
depends on several factors, first of all it is important to consider the correlation be-
tween each others. As shown in previous section (section 1.1) both temperature and
pressure influence viscosity, that is the principal indicator to take in consideration
for a good injection process.
The variation of each injection parameter produce an evident effect on the
moulded result. In order to compare resulting ejection forces, a fixed combination
of injection moulding parameters was adopted. The only exceptions are melt
temperature and mould temperature, which were chosen coherently with materials
data sheets. Proper values of temperature mean that small variations of dosage and
switch over are necessary to maintain the same final result. Table 2 summarizes
the effective injection moulding process parameters.
2. Wettability tests
In order to estimate the wettability of selected polymers, the contact angle at the
interface between melted polymer and coated surface was evaluated. The behaviour
of each polymer on different coatings was monitored at the melt temperature
adopted for injection moulding processes (PS at 240 ◦C, POM at 235 ◦C, PA at
240 ◦C and COC at 265 ◦C).
Experimental setup used to lead this kind of tests consist in:
• chamber with electrical heating system;
• thermocouple to control chamber temperature;
• high speed camera;
• light source; and
• image analyser.
The experimental procedure can be summed up in five steps.
(1) Heating of the empty chamber at the correct melt temperature.
(2) Positioning of the coated surface specimen and waiting for its thermal
equilibrium.
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(3) Placement of a weighted piece of polymer.
(4) Acquisition of images to record the wetting behaviour of melting polymer.
(5) Analysis of contact angles.
Images of melting polymers were acquired at 25× of magnification with the high
speed camera, the acquisitions continued for 10 min with a recording step of 30 sec.
Edge detection algorithm associated with Canny method was utilized to obtain
a image segmentation starting from acquired photographs. This MATLAB® algo-
rithm is an image processing technique used to determine the boundaries of objects
within images. It works by detecting discontinuities in brightness, that was why
a back light source was used. It permits to describe the polymer drop by fitting
its contour with a straight line at the base and an half ellipse at the curved profile.
Than left and right contact angles were estimated.
For each combination of melting polymer and surface coating, three measure-
ments were executed in order to obtain a standard deviation.
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Chapter 4
Mould production
Because of the reduced dimensions of the micro parts, moulds should be accurately
designed and manufactured and a particular attention to the tolerance should
be made. In order to obtain metrologically acceptable micro components, high
performing technologies should be used: in this chapter micro Electrical Discharge
Machining (µEDM) and micro milling are presented.
1. Mould cavity description
Moulds fabricated for injection moulding process are always constituted of mini-
mum two parts: a fixed part and one or more moving parts. The specific mould
Figure 10. Fixed part of the mould on the left and moving part on the right.
32 4. Mould production
Figure 11. Mould cavity.
used in this study is composed of a fixed plain part and a moving part mounted on
a rotating plate: it can be seen in figure 10.
Contact area between two parts of the mould is equal to 95 mm× 95 mm.
Mould cavity is shown in figure 11 and can be described as a cylinder with a
diameter of 18 mm and height of 2 mm, with total volume of 565.5 mm3. In the
centre of the cavity a interchangeable mould insert takes place, it is fixed in the
cavity by a shrinkage fit. This removable plate permits to switch from a configu-
ration to another: different cores set can be easily exchanged, and only a mould
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is necessary for all the coated cores used in this study. The replaceable inserts
minimize mould manufacturing costs and increase mould versatility.
The mould insert is characterized by six through micro holes with a diameter
of 400 µm, that are located at the vertices of a centred regular hexagon with 3.5 mm
of side. All dimensions are reported in figure 12.
The principal reason why the mould was conceived with these particular
features is that the design represents a typical example of multilayer microfluidic
device. In this way isolation of the effect of mould cores surface properties on
demoulding force is allowed.
Six standard Hasco® ejectors with diameter of 800 µm were used to produce a
single set. Four identical sets were manufactured, in order to produce the different
coated mould inserts. Ejectors were cut and smoothed by EDM technology, then
machined by micro milling to obtain the desired geometry, reported in figure 13.
2. Micro Electrical Discharge Machining - µEDM
Electrical Discharge Machining is a thermoelectric process that erodes material
from the processing piece by high frequency discrete sparks between the piece
itself and the electrode tool, both submerged in a dielectric fluid. These sparks
remove continuously the material from piece surface through melting and evap-
oration: to correctly work, piece and electrode should be separated by a specific
gap called spark gap. During the process the dielectric fluid acts as a deionising
medium between electrode and manufacturing part, moreover its flow evacuates
the resolidified material debris from the gap. Any electrical conductive material
can be machined by EDM. In general, this technology permits to shape complex
structures with high machining accuracy.
µEDM technology, at current state of art, can be divides in four categories.
(1) Micro-wire EDM (also micro Wire Electrical Discharge Grinding (µWEDG)),
where a wire of diameter down to 0.02 mm is used to cut through a con-
ductive workpiece.
(2) Die sinking µEDM, where an electrode with micro-features is employed
to produce its mirror image in the workpiece.
(3) µEDM drilling, where micro electrodes of diameters down to 5 mm are
used to drill micro holes in the workpiece.
(4) µEDM milling, where micro electrodes of diameters down to 5 mm are
used to produce 3D cavities by adopting a movement strategy similar to
that in conventional milling.
On Sarix SX-200, presented in figure 14, ejectors were cut and leveled.
Technology used to shape cores is WEDG; the functioning is presented in
figure 15. The workpiece rotates and is moved up and down, the wire electrode
passes by with a very low speed and can be considered motionless in comparison
with the rotating piece. Ejectors were cut at an heigh of 2.8 mm using a fast
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technology (TEC 206), then the heads were leveled with technology TEC 105;
process parameters of both technologies are reported in table 3. Figure 16 shows
an instant during leveling manufacture.
3. Micro milling
In order to shape cores as described in figure 13, milling technology was used. The
Kugler Micromaster 5X (figure 17) allows both 3 axes and 5 axes manufacturing: in
this case 3 axes configuration was necessary.
Vertical mill process requires a spindle axis vertically oriented that holds
milling tools. Tools rotate on the spindle axis and work on the piece in different
ways depending on the chosen cutting strategy. In particular the process used to
mill cores is external circular ramping: the tool rotate around the cut and leveled
ejection rod reducing its diameter from 800 µm to 400 µm. In figure 18 appears an
instant of this process on a pin.
To allow a proper adhesion of coatings to the steel core substrate, roughness pa-
rameter Ra had to be minor than 0.2 µm. Thus, optimal milling process parameters
were researched as like as the best cutting strategy.
3.1. Influence of milling process parameters on roughness. Figure 19 repre-
sents a schematic vision of external circular ramping on the right and illustrates
specific cutting parameters for this technology.
Principal cutting parameters to consider in order to obtain the best surface
texture result are reported in table 4. Among these parameters, rotation per
minute (n), feed per tooth (fz), depth of cut (ap) and cutting speed (vc) are the most
influential on surface finishing.
To completely define a cutting strategy four parameters are fundamental: vc,
vf , n and fz. If two of these four parameters are known, the other are determined
thanks to the following equations:
vf = fz ·n ·Zc
vc =
Dcap ·pi ·n
1000
n =
vc · 1000
pi ·Dcap
fz =
vf
n ·Zc .
3. Micro milling 35
Figure 12. Part description.
Figure 13. Core design.
Table 3. EDM parameters used for cut (TEC 206 )and leveling (TEC 105)
operations.
Parameters TEC 206 TEC 105
Width 5 4
Frequency (kHz) 130 150
Current 50 80
Voltage (V) 130 110
Gain 1500 9
Gap 65 90
Energy 206 105
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Figure 14. Sarix SX-200.
For the specific manufacture two other parameters can be geometrically defined
starting from known values:
ae =
D2w −D2m
4(Dm +Dcap)
β = arccos
(
1− 2ae
Dcap
)
.
Superficial texture is influenced by the combination of these parameters, the
result can be very similar between strategies that use different values combinations.
To estimate profile roughness value relative to different parameters combination
without leading physical experiments following equation were used:
Ra = 1000
f 2
18
√
3 · re
and Rt = 1000
f 2
8re
where:
f = fz ·Zc
re = tool cutting radius (0.002 mm).
It is important to notice that these equations are defined by [43] in case of
turning technology: the values are to be considered an indication of the quality of
chosen combinations.
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3.1.1. Test for optimal milling process parameters. With the aim to obtain the best
surface texture for coatings adhesion, three strategy were analysed.
(1) High speed technology uses a single cut, therefore the tool works with a
large portion of lateral sharp.
(2) Z-constant strategy provides more than one cut at different z levels.
(3) Helicoidal process, in which the tool descends along z axis describing a
spiral around the piece with tight step.
Figure 20 compares these three different technology approaches.
In table 5 parameters of the specific strategies just described are summed. They
are always the same for each strategy, in order to directly compare the strategy and
not the parameters combinations.
A qualitative analysis was conduced using SEM (see section 5.2). Comparative
images taken at 1000×magnification are collected in figure 21: first image from
left represent the case of high speed manufacture, the second shows z-constant
strategy and the third is the result of a helicoidal process. In the first case a visible
defect can be noticed on the lateral surface: this continuous slot is due to the hard
entrance of the tool at the process beginning, thus this approach leads to a very
bad result. The second strategy is better than the previous and at regular intervals
presents visible grooves that are product by the several entrances of the tool during
processing. At least helicoidal approach improve surface quality thanks to the slow
and precise manufacture: no tool sign is visible.
The qualitative analysis between strategies leads the choice on helicoidal ap-
proach. At this point best milling parameters combination has to be researched.
Following the indications provided by 3.1 three combinations return the same
values for Ra and Rt: selected parameters sets are reported in table 6. Also the time
required by the approach is written.
According to ISO-25178 and ISO-4287 the main surface roughness parameters
were evaluated and reported respectively in table 7 and table 8. Two corresponding
plots (plot 4 for ISO-25178 and plot 5 for ISO-4287) were generated in order to
easily compare the tested combinations.
Table 7. Average values (A.V.) and standard deviation (S.D.) of surface
roughness parameters evaluated according to ISO-25178.
ISO-25178
Test Sa (µm) Sp (µm) Sv (µm) Sz (µm)
A.V. S.D. A.V. S.D. A.V. S.D. A.V. D.S.
1 0.16 0.04 1.23 0.31 1.39 0.34 2.62 0.36
2 0.17 0.02 1.30 0.66 1.96 1.03 3.25 1.69
3 0.31 0.15 2.52 0.53 2.93 0.82 5.46 1.35
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Plot 4. Surface roughness parameters evaluated according to ISO-25178.
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Plot 5. Profile roughness parameters evaluated according to ISO-4287.
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Table 8. Average values (A.V.) and standard deviation (S.D.) of profile
roughness parameters evaluated according to ISO-4287.
ISO-4287
Test Ra (µm) Rp (µm) Rv (µm) Rz (µm)
A.V. S.D. A.V. S.D. A.V. S.D. A.V. D.S.
1 0.08 0.02 0.23 0.03 0.20 0.04 0.43 0.07
2 0.09 0.04 0.26 0.11 0.26 0.14 0.51 0.25
3 0.13 0.04 0.36 0.09 0.32 0.11 0.68 0.20
In conclusion of this analysis Test 1 was selected, this means that a top-down
helicoidal approach with an axial depth of cut of 0.01 mm (ap) was adopted. Ma-
chining operations were performed using bull nose tools (Kyocera, 1625) with a
0.7 mm cutting diameter (Dcap). Cutting speed (vc) was set at 44 m/min, with a
feed per tooth (fz) of 0.001 mm.
Data sheets of tool and ejector pin used for this study are reported in appen-
dix C and D.
4. Coatings
This study proposed to analyse the behaviour of various polymer during ejection
phase of injection moulding process with different coated moulds. Selected coating
materials are DLC-1, DLC-2 and CrTiNbN. In figure 22 are shown four represen-
tative cores, one per set: the first on the left is starting uncoated pin obtained
by micro milling. The second and the fourth are DLC coated and appears black
coloured because of the presence of Carbon; the third is coated with the metallic
alloy CrTiNbN and present a shiny gold aspect.
4.1. Coatings characteristic. Coatings properties are reported in table 9.
Main difference between DLC and CrTiNbN lies in the different deposition
technologies: Plasma Assisted Chemical Vapor Deposition (PACVD) for DLC and
PVD for CrTiNbN.
PVD: is a technology used to produce thin films of coatings over the object
surface, that can be process with different vacuum deposition methods.
Generally the coating material passes from a condensed phase to a vapour
phase and then back to film condensed phase. Sputtering and evaporation
are the most common method to improve PVD. This process is very
useful in micro application, because permits to reach all surfaces even in
complex small geometries. The main negative aspect is that sputtering
and evaporation cannot be easily controlled, so the coating can present
agglomerates that cannot be avoid in deposition phase.
PACVD: is another technology used to deposit thin films of coating on a
substrate. The material that has to be deposited is used in its gas state,
after deposition it becomes solid. In this process are involved chemical
reactions, which occurs after creation of a reacting gasses plasma. Plasma
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is created by a discharge between two electrodes, where the dielectric is
represented from the reacting gases. The major benefit of using PACVD
instead of CVD is that the discharge creates electrons that are more
mobile than ions, and the flux of electrons flows easily from plasma to
the object surface. Surface will efficiently coated even if it is very small or
complex. The other advantage of this technique is the lower temperature
required for deposition, in fact electrons are so light that energy exchange
between them and neutral gas is almost inefficient. Thus electrons can
be maintained at high temperature, which makes them faster, and the
neutral atoms can remain at ambient temperature.
Another difference between DLC and CrTiNbN coatings is that DLC is a multi-
layer instead of a bilayer as CrTiNbN: that is due to the technology used (paCVD)
and to the material nature, in fact Carbon tends to create a layered molecular
structure. In figure 23 is shown a damaged coated surface and a layered structure
can be easily noticed. This property allows the deposition of a thicker coating in
comparison with CrTiNbN.
DLC coatings consists of a highly networked hydrocarbon matrix with an high
mount of sp3 type bonds comparable to the diamond crystal lattice. The difference
between DLC-1 and DLC-2 is the selected adhesion layer: Cr improves better than
CrN the surface finish. Typical coating thickness lies in the range of 1-10 µm; in
comparison with classical PVD hard coatings (for example TiN), the DLC coating
is characterized by an increased elasticity and a comparable hardness.
5. Surface characterization
With the aim of surface characterization two instruments were used: an optical
profiler and a Scanning Electron Microscope (SEM), the first generated quantitative
results about surface topography and the second permitted to qualitatively estimate
core surfaces.
5.1. Optical profiler. In order to quantify the roughness parameters that charac-
terize three-dimensional surface topography of a sample, an optical profiler can be
used.
The profiler is a confocal microscope that acquires a sequence of confocal
images through the objective depth of focus and produces optically sectioned
images of the sample. The topography can be evaluated for each images pixel by
correlating the heights of signals collected through the sequence of images.
The Sensofar Plu neox showed in figure 24 and experimentally used for this
study is a laser scanning microscope that produces a structured illumination
pattern and, as other confocal microscopes, acquires reflected or backscattered
light. In the particular configuration of a laser scanning microscope, a pinhole is
located on the field diaphragm: the smallest illuminated spot is achieved on the
objective focal plane and is typically a diffraction-limited spot. The reflected light
passes back through the objective and is collected onto a second pinhole (confocal
aperture) placed in the illumination pinhole conjugate position. A photo detector
located at the rear of confocal aperture records the reflected signal. The signal on
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photo detector is high when the surface is exactly placed on objective focal plane;
conversely with a surface placed away from the focal plane the confocal aperture
filters out noise and photo detector records a lower signal. Figure 25 represents the
schematic functioning of a laser scanning microscope.
Each pixel of acquired images belonging to scanner sequence along z axis
contains a certain signal value called "axial response similar". Different pixels have
the axial response maximum located on different z axis positions according to the
3D surface shape. Mapping the z coordinates the 3D surface is reconstructed.
The instrument was used in confocal mode with 20× and 100× objectives and
main characteristics are reported in table 10.
To acquire a significant image right scanning parameters should be chosen
following the procedure.
(1) In bright field mode, point the profiler at the beginning of the area that
has to be scanned.
(2) move the 20× objective along z axis in order to reach the focus position,
then repeat the operation exchanging objective from 20× to 100×.
(3) Adjust the light level to minimize the returning noise during acquisition.
(4) Passing in confocal mode, set the amplitude of scanning in z axis direc-
tion.
Each core surface was analysed scanning four different lateral areas. For
acquisition stitching method was used, hence six consequent images were acquired
and together merged. Thanks to this method the resulting scanned area is longer
than the one obtained with a single image.
5.2. Scanning Electron Microscope - SEM. The SEM can produce extremely de-
tailed images of the surface of an object by scanning it with a focused electrons
beam.
Figure 26 represent the specific experimental instrument used in this study:
FEI Quanta 400 SEM.
This microscope is basically constituted by four parts:
• electrons source;
• vertical column through which electrons travel with electromagnetic
lenses;
• electron detector; and
• vacuum chamber.
The imaging result is displayed at the computer interface.
Electron source produces electrons by thermionic heating, starting from three
possible sources:
• Tungsten filament;
• solid state crystal of Cerium hexaboride (CeB6) or Lanthanum hexaboride
(LaB6); and
• Field Emission Gun (FEG).
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Electrons produced in electron source are accelerated with a voltage between 1 kV
and 40 kV passing through a combination of lenses and apertures. Then a narrow
beam is generated condensing electrons: the beam is finally used to extract images,
analysing the echo coming from scanned surface.
In order to not influence the echo returning from surface, the electron micro-
scope is designed to operate in vacuum. Hence the chamber must be evacuated
before images can be acquired.
A schematic functioning is described in figure 27.
The position of electron beam is controlled by the scan coils above objective
lens, which regulate the surface scanning phase.
The interaction of electron beam with sample surface produces backscattered
electrons. To generate images, these secondary electrons are collected by one or
more detectors and resulting signal is transformed by the software in a displayable
picture. Each pixel of these acquired images represents the synchronized position
of electrons beam on the sample, thus images can be considered as maps describing
the distribution of signal intensity coming from scattered electrons.
SEM permits high magnifications up to 20000×, for this study images at 1000×
were acquired. The examined cores were fixed on the plate in SEM vacuum chamber
with carbon tape. In order to obtain a good view of lateral surface, the samples
were positioned at a distance of 14 mm from the beam output and inclined with an
angle of 40°.
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Figure 15. WEDG technology.
Figure 16. EDM processing.
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Figure 17. Kugler Micromaster 5X.
Table 4. Definition of milling parameters.
Parameter Definition Unit
n Rotation per minute rpm
Dcap Cutting diameter at actual D.O.F. mm
fz Feed per tooth mm
Zn Total number of teeth in cutter -
Zc Number of effective teeth -
vf Table feed mm/min
fn Feed per rev mm
ap Depth of cut (D.O.C.) mm
ae Radial depth of cut (D.O.C.) mm
vc Cutting speed m/min
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Figure 18. Micro milling processing.
(a) (b)
Figure 19. Description of milling process and parameters.
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(a) High speed (b) Z-constant (c) Helicoidal
Figure 20. Different milling process approaches.
Table 5. Milling parameters for different approaches.
Strategy Tool Dcap Zc n fz vc vf ap
mm rpm mm m/min mm/min mm
High speed BN 0.7 2 27500 0.003 60 165 0.5
Z-constant BN 0.7 2 27500 0.003 60 165
Helicoidal BN 0.7 2 27500 0.003 60 165 0.01
(a) High speed. (b) Z-constant. (c) Helicoidal.
Figure 21. SEM characterization of different milling approaches at
1000×magnification.
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Table 6. Milling parameters evaluated to obtain the best result.
Test Tool Dcap Zc n fz vc vf ap time
mm rpm mm m/min mm/min mm min
1 BN 0.7 2 20000 0.001 44 40 0.01 15
2 BN 0.7 2 27284 0.001 60 55 0.01 12
3 BN 0.7 2 50000 0.001 110 100 0.01 6
Figure 22. Cores: the first from the left is uncoated, the second is coated
with DLC-1, the third is coated with CrTiNbN, and the fourth is coated
with DLC-2.
Table 9. Coatings properties.
Properties Test method DLC-1 DLC-2 CrTiNbN
Typology ML grad. ML grad. Bilayer
Thickness (µm) UNI 1071-2 2.0± 0.5 2.0± 0.5 3.0± 0.5
Adhesion (N) UNI 1071-3 55± 4 55± 4 80± 5
Hardness (HV) ISO 14577-1 2200± 300 2200± 300 2973± 263
Roughness (µm) UNI 11255 0.10± 0.01 0.10± 0.01 0.17± 0.05
Tecnology PACVD PACVD PVD
Adhesion layer CrN Cr Cr
Table 10. Profiler properties.
Properties 20× 100×
Numerical aperture 0.45 0.90
Maximum slope (°) 21 51
Field of view (µm) 636× 477 127× 95
Spatial sampling (µm) 0.83 0.17
Optical resolution (µm) 0.31 0.15
Vertical resolution (nm) <20 <2
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Figure 23. Damaged DLC coated surface.
Figure 24. Sensofar Plu neox.
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Figure 25. Scheme of basic setup of a laser scanning microscope with
sample in focus position.
50 4. Mould production
Figure 26. FEI Quanta 400 SEM.
Figure 27. Scheme of basic setup of a scanning electron microscope.
Chapter 5
Micro injection
moulding machine
Micro injection moulding is a process that must consider the applications of gener-
ated part. In fact, micro part should respond to strict requirements and tolerances.
To do that a specific injection moulding machine has to be used: Micro Power 15
from Wittmann Battenfeld, represented in figure 28, was used in this study. Witti-
mann Battenfeld produces also machines for macro injection moulding, and the
main differences between micro and macro machines lie in the proportion between
mechanical parts: the lower limit of micro machine dimension are established by
the strength of plunger and screw materials.
1. Characteristics of Micro Power 15
Principal characteristics of the Micro Power 15 are reported in the data sheet
(table 11). Most important characteristics to notice are:
• maximum clamping force of 150 kN;
• maximum injection speed of 750 mm/s;
• diameter of plasticizing screw of 14 mm; and
• diameter of injection plunger of 5 mm.
All these values determine the range of part dimensions that can be moulded.
Injection system of Micro Power 15 is reported in figure 29 and is particular
because plasticizing of polymer and injection in mould are separated. The screw
plasticizes the material in an inclined path and the plunger acts horizontally.
Usually for macro injection moulding machines these systems are coupled and
both horizontal.
The material in the screw is melted by friction, the right injection moulding
temperature is reached at the extreme section of the injection system thanks to
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Figure 28. Wittmann Battenfeld - Micro Power 15.
Table 11. Wittmann Battenfeld - Micro Power 15 technical data sheet.
Properties Unit Value
Clamping unit
Clamping force kN 150
Opening stroke | Opening force mm | kN 100 | 15
Ejector stroke | Ejector force mm | kN 40 | 5
Injection unit
Dosing screw diameter mm 14
Dosing screw stroke mm 26
Screw L/D ratio 20
Injection plunger diameter mm 8
Specific injection pressure bar 2500
Max. screw speed min-1 200
Max. plasticizing rate g/s 1.7
Max. screw torque Nm 90
Nozzle stroke b | Contact force mm | kN 230 | 40
Injection speed mm/s 750
Injection rate into air cm3/s 38
Barrel heating power, nozzle inc. kW 2.45
Drive
Electrical power supply kVA 9
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Figure 29. Injection system of Wittmann Battenfeld – Micro Power 15.
an internal heating circuit. Also the mould can be heated or cooled; to do that,
heating and cooling circuits are located both in moving and fixed part of the mould.
Figure 30 describes the position of these circuits: the right mould temperature
is maintained with heated water in a hexagonal circuit) and electric resistances
(horizontal bars). A transversal thermocouple measures mould temperature and
interrupt heating process if temperature exceeds the selected value.
2. Demoulding force measurement and ejection system
In order to demould processed part four ejectors are used. In the centre of the
mould there is a 5 mm ejector, and three 2 mm ejectors are located behind the
cavity in the configuration that is shown in figure 31.
These three smaller ejection pins are longer than the fourth and are all con-
nected with a plate. A plunger push the plate and ejection pins are moved con-
temporaneously. This configuration allows the part to be completely ejected by
the smaller pins and in this way the ejection force measurement is not affected by
larger ejector influence.
2.1. Acquisition sensor and software. The force variations during demoulding
phase are measured by a KISTLER 9223A piezoelectric force transducer (figure 32),
which has a measuring range of 2500 N. The sensor is located behind the ejection
unit and moves together with the three ejection rods, in figure 31 this sensor is
green coloured.
During the ejection stage the sensor is mechanical loaded and produces a piezo-
electric charge signal, which is converted in an output voltage using a KISTLER
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Figure 30. Heating and cooling systems in mobile mould part.
Figure 31. Ejection system and positioning of acquisition sensor.
Type 5039A charge amplifier. The transduced signal is then acquired by a National
Instrument NI9205 16 bit analog input module. Then the sensor output signal
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Figure 32. Acquisition sensor KISTLER 9223A.
is downloaded onto a PC by a National Instrument NI cDAQ-9172 data acqui-
sition unit. Measured values are analysed with National Instrument LabVIEW
2013® software. In order to avoid any data loss the following parameters were set:
• force offset was left at null value;
• number of samples equal to 10;
• acquisition frequency of 60 kHz; and
• time steps between samples of 0.2 ms.

Part 3
Ejection forces analysis

Chapter 6
Surface characterization
First of all fabricated cores were analysed in their regularity and homogeneity by
using x-ray computed tomography (CT, Nikon Metrology, MCT 225). Diameter
variations were observed to be smaller than 3 µm, while deviations from cylindrical
shape were found to be minor than 10 µm.
With the purpose of surface characterization of coated and uncoated cores,
both a qualitative and a quantitative analysis were provided. The SEM allows
detailed magnified images for a qualitative characterization, on the other hand
quantitative results for surface characterization were obtained with profiler.
Images generated by SEM at 1000× are reported in figure 33 for a representative
core of each set; morphology and continuity of coated surfaces were checked.
Uncoated core (figure 33a) presents a very regular surface pattern, that is given from
the micro milling process. Both DLC coatings are realized by PACVD technology:
this method permits to obtain a smooth finished surface even if some defects
affecting the coated surface can be seen in figures 33b and 33c. Whereas the PVD
technology provides the CrTiNbN coating returning a wrinkly surface covered with
microscopic agglomerations (figure 33d).
Both types of coating modify the core topography and it is interesting to notice
that the different technologies used to coat the cores, influence the resulting super-
ficial roughness, affecting the quality of the interface between injected material
and mould surface. This fact could affect negatively the estimation of demoulding
forces, because the adhesion effect could increase, due to superficial defects: super-
ficial agglomerates act like undercuts during ejection phase and the mechanical
interlocking between polymer and mould cores grows.
1. Roughness evaluation
In order to evaluate the superficial texture of cores, the topography of each core
was analysed using the 3D optical profiler in confocal mode with a 20× objective.
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For each core, four projected areas of 2.0 mm× 0.1 mm regularly distributed on the
lateral surface were acquired, then three profiles each were analysed.
Using MountainsMap® software, roughness parameters were estimated ap-
plying a 0.08 mm Gaussian filter, then for each cores set the average value and
the standard deviation were calculated. The software allows different analyses,
for example figure 34 shows the main direction in which roughness values were
estimated. This polar spectrum permits to observe that a preferential direction is
almost perpendicular to the scanning way, and that is due to the milling process.
The profiler returns also a schematic image of surface topography, an example
is reported in figure 35: different colours give a qualitative idea of the roughness
distribution on the analysed surface.
The raw acquisition requires a series of filtering operations targeted to clean
the measure from errors linked to shape deformations.
(1) Chose a restricted area in the centre of the acquisition, this avoids to
analyse boundaries areas.
(2) Filter the image to remove cylindrical remaining shape.
(3) Filter again data with a 0.08 mm Gaussian filter.
An example of filtered result is figure 36 in which a roughness profile estimated in
the considered restricted area can be observed.
According to ISO-25178, surface roughness parameters were estimated for
each set: the results are available in table 12 and also in the first part of the relative
plot (plot 6). The main result reflects the presence of the superficial coatings, in
fact Sa average values, in case of coated core, are 62% higher than uncoated one.
The same effect can be appreciated comparing Sz average values of coated cores
with the reference value of uncoated case: DLC-1, DLC-2 and CrTiNbN present
26%, 38% and 47% of increase respectively.
Referring to ISO-15178, the Abbott-Firestone curves were evaluated. This curve
provides informations about hills and valleys generated by the material deposition;
these anomalies are important in the study of replication behaviour during the
injection moulding process. These parameters are reported in table 13 and in the
second part of the plot (plot 6). The Spk parameter describes the presence of peaks:
the higher it is, the more it increases the friction between the mould and the part
during demoulding phase. In this case the percentage increments are 54%, 45%
and 73% respectively for DLC-1, DLC-2 and CrTiNbN. Moreover, the Svk value
indicates the relevance of void volumes distributed on the core surface. During
injection process these voids are filled and undercuts are created: this causes an
higher interaction at the interface during the ejection of the part. Also in this case
the coated cores present an higher Svk value in comparison with uncoated cores:
increments are 25%, 19% and 31% for DLC-1, DLC-2 and CrTiNbN.
In a similar way, also profile roughness parameters were estimated according to
ISO-4278; results can be examined numerically from table 14 and they are plotted
in plot 7 for a visual explanation. As like as in the analysis of surface roughness
parameters, also for profile roughness parameters the increments of Ra compared
to uncoated case are 157%, 114% and 86% respectively for DLC-1, DLC-2 and
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(a) Uncoated. (b) DLC-1.
(c) DLC-2. (d) CrTiNbN.
Figure 33. SEM characterization of micro cores at 1000×magnification.
Figure 34. Example of roughness values distribution: polar spectrum.
62 6. Surface characterization
Figure 35. Example of surface topography characterized with profiler.
Figure 36. Example of profile roughness estimated in a restricted area of
the core surface.
Table 12. Average values (A.V.) and standard deviation (S.D.) of surface
roughness parameters evaluated according to ISO-25178.
ISO-25178
Coating Sa (µm) Sp (µm) Sv (µm) Sz (µm)
A.V. S.D. A.V. S.D. A.V. S.D. A.V. D.S.
Uncoated 0.08 0.01 1.26 0.83 1.30 0.69 2.57 1.51
DLC-1 0.13 0.02 3.46 1.33 2.01 0.42 5.48 1.44
DLC-2 0.12 0.01 3.16 1.40 2.13 0.22 5.28 1.36
CrTiNbN 0.13 0.03 2.03 1.23 1.74 0.33 3.77 1.50
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Plot 6. Profile roughness parameters evaluated according to ISO-4287
and ISO-13565-2.
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CrTiNbN coating. Furthermore Rz value increases respectively of 156%,127% and
102% for DLC-1, DLC-2 and CrTiNbN.
The evaluation of all these parameters (referred both to surface and profile)
confirms that superficial coatings affect the regular surface texture, typical of micro
milling process, introducing some defects that cannot be neglected.
Referring this time to ISO-13565-2 the Abbott-Firestone curves were evaluated.
Rpk corresponds to Spk, but it refers to the profile analysis: also in this case the
coatings provide increments that are 1110%, 167% and 200% respectively for DLC-
1, DLC-2 and CrTiNbN. In addition, Rvk is referable to the superficial parameter
Svk, and like the previous cases, the values in comparison with uncoated cores
increase: 193%, 164% and 100% for DLC-1, DLC-2 and CrTiNbN.
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Plot 7. Profile roughness parameters evaluated according to ISO-4287
and ISO-13565-2.
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Table 13. Average values (A.V.) and standard deviation (S.D.) of surface
roughness parameters evaluated according to ISO-15178.
ISO-15178
Coating Sk (µm) Spk (µm) Svk (µm)
A.V. S.D. A.V. S.D. A.V. S.D.
Uncoated 0.19 0.03 0.11 0.02 0.16 0.08
DLC-1 0.34 0.06 0.17 0.03 0.20 0.03
DLC-2 0.30 0.01 0.16 0.01 0.19 0.02
CrTiNbN 0.31 0.06 0.19 0.05 0.21 0.06
Table 14. Average values (A.V.) and standard deviation (S.D.) of profile
roughness parameters evaluated according to ISO-4278.
ISO-4287
Coating Ra (µm) Rp (µm) Rv (µm) Rz (µm)
A.V. S.D. A.V. S.D. A.V. S.D. A.V. D.S.
Uncoated 0.07 0.01 0.21 0.02 0.21 0.02 0.41 0.03
DLC-1 0.18 0.02 0.53 0.07 0.52 0.04 1.05 0.11
DLC-2 0.15 0.01 0.45 0.04 0.48 0.02 0.93 0.04
CrTiNbN 0.13 0.02 0.43 0.04 0.42 0.07 0.83 0.11
Table 15. Average values (A.V.) and standard deviation (S.D.) of profile
roughness parameters evaluated according to ISO-13565-2.
ISO-13565-2
Coating Rk (µm) Rpk (µm) Rvk (µm)
A.V. S.D. A.V. S.D. A.V. S.D.
Uncoated 0.22 0.03 0.09 0.01 0.14 0.04
DLC-1 0.49 0.09 0.28 0.08 0.41 0.10
DLC-2 0.41 0.01 0.24 0.04 0.37 0.04
CrTiNbN 0.39 0.06 0.27 0.11 0.28 0.02
Chapter 7
Wettability
This study proposes the analysis of correlation between different surface coatings
and ejection forces for various injected materials. Therefore wettability properties
have an important role in estimation of interactions between coating material and
polymer.
If a coating is well wettable, that means a major interaction coating-polymer
and this leads to a better replication of surface topography of the mould. On the
other hand a low wettable coating generates a chemical barrier between itself and
the polymer and the injected material has difficulties in replication. Thus a good
chemical affinity permits to obtain a better reproduced mould and ideally ah higher
ejection force peak: these two effects must be balanced to obtain the best result in
replication without increasing to much ejection costs.
The parameter to consider in order to evaluate wettability of materials is
the contact angle at the interface between polymer drop and coated surface. A
good wettability of an injected material is determined by a small contact angle,
conversely a great angle means worse capability of wettability.
1. Wettability evaluation
Figure 37 shows the experimental results of wettability tests: drops of polymers
were melted over coated surfaces. For different combinations of coated surface and
melting polymer, the contact angle was evaluated.
In a qualitative way, an higher wettability can be noticed for PS, instead the
worst wettability properties belong to PA.
In table 16 estimated values of contact angles for all the combinations are
reported.
As qualitatively expected PS has the smallest average contact angles trans-
versely for all the different coatings and PA the greatest, POM and COC have
comparable resulting contact angles. This can be easily seen in plot 8.
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PS-Uncoated PS-DLC1 PS-DLC2 PS-CrTiNbN
POM-Uncoated POM-DLC1 POM-DLC2 POM-CrTiNbN
PA-Uncoated PA-DLC1 PA-DLC2 PA-CrTiNbN
COC-Uncoated COC-DLC1 COC-DLC2 COC-CrTiNbN
Figure 37. Wettability evaluation.
Influence of coating on wettability properties of each considered polymer is
low, in fact form plot 9 derives that coatings have almost the same effect with all
the polymers.
The wetting behaviour of melted polymers on coated surfaces is affected both
by polymer and coating. However, the influence of the coating can be neglected in
comparison with melted material nature.
The increment of contact angle changing material from PS to PA is on average
of 96%, changing from PS to POM results on average of 64% and from PS to COC is
72%. Conversely contact angle increments from uncoated case to different coatings
in the worst case of 16% (DLC-1 with PS).
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Table 16. Average value (A.V.) and standard deviation (S.D.) of contact
angle [°] for each material-coating combination.
Material Uncoated DLC-1 DLC-2 CrTiNbN
A.V. S.D. A.V. S.D. A.V. S.D. A.V. S.D.
PS 44.52 1.35 51.21 1.77 42.63 1.85 46.73 1.93
POM 72.32 2.01 69.25 2.05 80.95 2.47 73.01 1.98
PA 93.51 0.73 96.01 1.41 90.02 0.57 82.21 1.13
COC 83.13 3.03 84.61 0.75 72.73 1.81 77.89 1.76
0 10 20 30 40 50 60 70 80 90 100 110 120
COC
PA
POM
PS
83.13
93.51
72.32
44.52
84.61
96.01
69.25
51.21
72.73
90.02
80.95
42.63
77.87
82.21
73.01
46.73
Contact angle [°]
Uncoated
DLC-1
DLC-2
CrTiNbN
Plot 8. Plot of contact angles estimated through wettability analysis and
evaluated for different material-coating combinations.
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Plot 9. Plot of contact angles estimated through wettability analysis and
evaluated for different material-coating combinations.
Chapter 8
Ejection forces
measurement
The principal aim of the study was to observe and analyse the behaviour of different
injected polymers at the variation of superficial mould coating.
To investigate the ejection forces a piezoelectric force transducer was used. The
sensor collects force values in time and for each acquisition returns a plot like the
one in plot 10. The demoulding force peak Fpeak represents the maximum value
of load that stresses the part during ejection phase. This peak was selected as
reference variable for the analysis.
With the purpose to guarantee a stable injection moulding process, 50 mould-
ing cycles were accomplished before the beginning of the acquisition trial. To have
repeatable measures and to avoid systematic errors 30 acquisition every 5 cycles
were collected. This procedure took place for each combination between injected
material and coating.
Results for each combination were collected and elaborated to obtain an average
peak force value with a corresponding standard deviation, as it is reported in
table 17.
Plot 11 shows the incidence of the different injected polymers in relation with
the same coating, and vice versa the effect of different coatings on the same material.
It can easily observed that COC is the polymer that presents the higher de-
moulding force peak at the varying of coatings. Furthermore, demoulding parts
from uncoated moulds is less expensive in terms of ejection force required than
from coated ones.
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Plot 10. Example of ejection force monitored by the sensor: the maxi-
mum value is Fpeak .
Table 17. Average value (A.V.) and standard deviation (S.D.) of ejection
force peak [N] for each material-coating combination.
Material Uncoated DLC-1 DLC-2 CrTiNbN
A.V. S.D. A.V. S.D. A.V. S.D. A.V. S.D.
PS 84.62 0.35 105.61 0.38 111.25 1.10 103.44 0.90
POM 49.59 0.28 59.52 0.64 53.51 0.41 56.38 0.33
PA 62.54 3.31 60.91 1.65 61.06 2.67 65.71 2.37
COC 199.42 6.03 223.37 4.32 256.40 2.86 238.93 0.36
1. Material-coating interactions
Results can be analysed in two different ways: for the same material the influence
of different coatings can be observed, or for the same coating the effect of vari-
ous polymer can be tested. Plots 12 and 14 permit to compare respectively the
behaviour of materials and coatings.
1.1. Force variation related to different materials. Plot 12 shows that the be-
haviour of each material is almost always the same when compared with different
coatings: using POM, the friction during ejection phase in each considered case
is minimized. Instead, if COC is injected, friction is maximum. Bringing POM
as reference (in case of uncoated cores), the increments in demoulding force peak
value are respectively 26% for PA, 71% for PS and 302% for COC.
The similar behaviour of each polymer in different coating conditions is due
to its rheological and tribological properties. Viscosity is directly linked to the
polymer replication power of the mould superficial topography: the more viscous
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the material is, the worse the replication results. In fact, if viscosity is low, it is
easy for the polymer to fill the voids on mould surface during pressurized injection
phase. Consequently a interlocking at the interface between polymer and mould
surface is produced, and the ejection force required to start the sliding of the
solidified polymer in order to demould the part is higher.
Wettability is another parameter that influences the demoulding force. In
section 1 was supposed that an low value of contact angle corresponds to a good
replicability and consequently to an higher ejection force value. This results was
confirmed for PS in comparison with PA; in fact PS presents an higher ejection
force peak and a smaller contact angle compared to PA. On the contrary POM
presents an lower ejection force peak but it has also a lower wettability. The last
consideration is that COC and POM present almost the same behaviour during
wettability tests but ejection force peak evaluated for POM is the lowest among the
selected materials and the one for COC is the highest.
In order to estimate the behaviour of different materials during ejection phase,
it is necessary to consider both wettability and viscosity at the same time. For
example PS has a low viscosity and a low contact angle, so the ejection force peak
is high; but COC presents a greater contact angle and a lower viscosity compared
to PS and its Fpeak is higher. As said, POM and COC have almost the same wetting
behaviour but the first presents an higher viscosity value determining a lower
ejection force peak.
In general tribological conditions at the interface between part and mould are
affected both by the chemical adhesion due to the combination of materials and by
the rheological properties of the melting polymer. Moreover the effects of these
properties should be considered together interacting.
1.2. Force variation related to different coatings. The other way to interpret the
data is to compare the behaviour of each injected polymer at the variation of
coating.
Surface treatments can largely affect the resulting ejection force peak value,
and looking at plot 14 different trends for the selected material can be noticed. In
fact the chemical interaction between superficial coating and moulding material is
the main responsible of different Fpeak values for the same injected polymer.
Except PA, polymers present lower demoulding force in case of uncoated cores:
in particular COC, which sees an increase of 12% for DLC-1, of 29% for DLC-2 and
of 20% for CrTiNbN in comparison with uncoated case. Both COC and PS have a
high affinity with DLC-2, which causes the force value to be higher than the case
with DLC-2: this can be explained remembering that the adhesion layer of two
DLC coatings was different (CrN for DLC-1 and Cr for DLC-2). Conversely POM
and PA show a better affinity with DLC-1.
Another parameter that is interesting to consider is the superficial roughness:
except for PA again, considering a certain material the higher demoulding forces
were estimated when a coated core set was used. This means that an higher interface
interaction due to mechanical interference and fiction between mould and part is a
consequence of the agglomerations that characterize the coated surfaces.
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Considering viscosity as a fundamental property of material and roughness
characteristic of coating, their interaction can be analysed. The demoulding force
increases when a combination of low viscosity material and cores with high surface
roughness are used, because of the hard mechanical interlocking at the interface.
On the other hand Fpeak decreases when viscosity is high and surface is smooth.
2. Different parameters together interactions
At least in order to estimate the behaviour of different polymer during ejection
phase, four parameters should be taken in consideration: roughness, wettability,
viscosity and coating.
2.1. Trends definition. Plot 15 represent the correlation between wettability prop-
erties (linked to contact angle) and different coating, acting on ejection force peak.
This plot indicates that higher values of contact angles correspond to a lower de-
moulding force, with exception of materials characterized by the combination of
very low viscosity and high contact angle, as COC.
Regression lines show a almost linear behaviour of each material at the varying
of surface coating.
The last plot (figure 38) report the fitting surface of experimental data corre-
lated each other by roughness (Sz) and viscosity (η).
The main aim of this last two plots is the possibility of making prevision about
the behaviour of different material, if properties of injected material and of the
mould are known. In order to improve this representation methods and to fit better
the real behaviour of moulding materials more experimental data are needed.
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Plot 11. Plot of ejection force peaks evaluated for different material-
coating combinations.
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Plot 12. Variation of ejection force peak related to different materials.
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Plot 14. Variation of ejection force peak related to different coatings.
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Plot 15. Plot of ejection force peak for each material, related to contact
angles of different coatings. The regression line fit data for each set of
coatings.
80 8. Ejection forces measurement
Figure 38. Surface plot representing the interacting effect on ejection
force peak of polymer viscosity and surface roughness.
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Chapter 9
Conclusions
The aim of this study was to analyse the effects of various mould coatings on ejection
force in micro injection moulding, for different thermoplastic polymers. Four
polymers were selected (PS, POM, PA6, COC) and three coatings were considered
(two types of DLC with different adhesion layer and a CrTiNbN coating).
A mould cavity was designed to present interchangeable cores, that were
manufactured by micro milling and successively coated. An entire set was left
uncoated in order to compare different behaviours.
Cores were characterized in topography and geometry with a x-ray computed
tomography, a profiler and a SEM. Than roughness parameters were estimated us-
ing MountainsMap® software, in order to isolate the effect of interface phenomena.
Qualitative observation of coated surfaces demonstrated that coatings changed
superficial topography with agglomerates and defects due to the coating strategies
involved. Different values of surface roughness were obtained and this affected
negatively demoulding phase.
Wettability properties of polymers were investigate evaluating for each com-
bination the contact angle between polymer and coated surface. Viscosity was
numerically analysed applying William-Landel-Ferry model.
Ejection forces for each considered case were acquired by a piezoelectric force
transducer. Resulting maximum value for each polymer-coating combination was
registered. Elaborated results showed that demoulding force peak is affected both
by polymer and coating material.
Wettability data, viscosity properties, roughness estimation and ejection force
values were combined in different ways in order to discover main interactions
between them.
Main conclusions are following.
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(1) In case of micro parts coated cores affect ejection forces worse than un-
coated ones, because of the presence of agglomerates that produce a
wrinkly and irregular contact surface.
(2) Polymers with higher wettability properties require higher ejection forces,
because of the best replication of surface defects.
(3) More viscous polymer affects negatively demoulding phase, because of
the best ability in filling surface voids.
(4) The same polymer responds diversely to different coatings, because of
different chemical affinity.
Even if coating properties are the same for various polymers, injected materials
with different combinations of wettability properties and viscosity present different
behaviours in demoulding phase. Therefore, prediction of ejection force value
must take in consideration all interactions between rheological, tribological and
chemical parameters.
In conclusion the most important plot was reported in section 2.1: a linear
regression was observed between contact angle value and ejection force peak.
1. Future developments
Future studies in the same ambit could be researches of behaviour evaluating for
the same polymers, but with different coatings. In this way more experimental data
could fill the plot that relates ejection forces to contact angle. If a linear law could
be defined, behaviour of different materials with any coating could be predict by a
simple wettability test.
An other development of this study could be the comparison of micro and
macro cores, using the same materials and coatings.
Part 5
Appendix

Appendix A
Datasheets of polymers
87
  
 
July 2013 
 
 
 
POLYSTYRENE CRYSTAL  1540 
 
 
 TOTAL RESEARCH & TECHNOLOGY FELUY 
Zone Industrielle C 
B-7181 Feluy 
Belgium 
 
Information contained in this publication is true and accurate at the time of publication and to the best of our knowledge. The nominal values stated herein are obtained 
using laboratory test specimens. Before using one of the products mentioned herein, customers and other users should take all care in determining the suitability of 
such product for the intended use. Unless specifically indicated, the products mentioned herein are not suitable for applications in the pharmaceutical or medical sector. 
The Companies within Total Refining & Chemicals do not accept any liability whatsoever arising from the use of this information or the use, application or processing of 
any product described herein. No information contained in this publication can be considered as a suggestion to infringe patents. The Companies disclaim any liability 
that may be claimed for infringement or alleged infringement of patents.  
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Description 
POLYSTYRENE CRYSTAL 1540 is an easy flowing crystal polystyrene designed for extrusion or 
injection applications. In extrusion, it allows to increase extruder output and thermoforming cycle 
times when mixed with a high impact polystyrene such as POLYSTYRENE IMPACT 7240. Having high 
gloss, it is particularly suitable for glossy-layer co-extrusion. In injection moulding, POLYSTYRENE 
CRYSTAL 1540 with this low viscosity at high shear rate has a good injectability and combines an 
excellent fluidity with a higher softening point. 
Applications 
Dairy sheet, cups (dilution with impact polystyrene) 
Injection: Boxes, office equipment - e.g. filing trays, CD boxes, pen bodies, internal fridge parts, 
toys, cups. 
Properties 
Rheological Method Unit Value 
Melt flow index (200°C-5kg) ISO 1133 H g/10mn 12 
Thermal    
Vicat softening point 10N (T° increase = 50°C/h) ISO 306A50 °C 91 
Vicat softening point 50N (T° increase = 50°C/h) ISO 306B50 °C 86 
HDT unannealed under 1.8 MPa  ISO 75-2A °C 73 
HDT annealed under 1.8 MPa ISO 75-2A °C 83 
Coefficient of linear thermal expansion  mm/°C 7.10 E-5 
Mechanical    
Unnotched Charpy impact strength ISO 179/1eA KJ/m² 8 
Tensile strength at break ISO 527-2 MPa 42 
Elongation at break ISO 527-2 % 2 
Tensile modulus ISO 527-2 MPa 3100 
Flexural modulus ISO 178 MPa 2900 
Rockwell hardness ISO 2039-2  L 70 
Electrical    
Dielectric strength  kV/mm 135 
Surface resistivity ISO IEC 93 Ohms >10 E+14 
Miscellaneous    
Density ISO 1183 g/cm³ 1.05 
Moulding shrinkage  % 0.4-0.7 
Water absorption ISO 62 % <0.1 
General Information 
 Standard properties: All tests carried out at 23°C unless otherwise stated. Mechanical 
properties are measured on injection moulded tests specimens. 
 Bulk density: bulk density is approximately 0.6 g/cm3. 
 Please refer to the Safety Data Sheet for further information. 
 Please refer to the safety data sheet (SDS) for handling and storage information. It is 
advisable to convert the product within six months after delivery provided storage 
conditions are used as given in the SDS of our product. SDS may be obtained from the 
website: www.totalrefiningchemicals.com 
 
Technical Data Sheet 
Easy Flow crystal Polystyrene   
Manufactured in Europe 
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Ultraform® H 2320 006 UNC
Q600
Polyoxymethylene
 
 
Product Description
Ultraform H 2320 006 UNC Q600 is a POM with high molecular weight grade for injection molding.
Applications
Typical applications include thick-walled articles.
PHYSICAL ASTM Test Method Property Value
Specific Gravity D-792 1.40
Mold Shrinkage (1/8" bar, in/in) 0.02
Moisture, % D-570  
    (50% RH) 0.2
    (Saturation) 0.8
MECHANICAL ASTM Test Method Property Value
Tensile Strength, Yield, MPa (psi) D-638  
    23C (73F) 64 (9,280)
Elongation, Yield, % D-638  
    23C (73F) 11
Flexural Modulus, MPa (psi) D-790  
    23C (73F) 2,450 (355,000)
IMPACT ASTM Test Method Property Value
Notched Izod Impact, J/M (ft-lbs/in) D-256  
    -40C (-40F) 69.4 (1.3)
    23C (73F) 80.1 (1.5)
THERMAL ASTM Test Method Property Value
Melting Point, C(F) D-3418 166 (330)
Heat Deflection @ 264 psi (1.8 MPa) C(F) D-648 96 (204)
Heat Deflection @ 66 psi (.45 MPa) C(F) D-648 154 (309)
Coef. of Linear Thermal Expansion, mm/mm C
(in/in F)
E-831 0.6 X10-4
ELECTRICAL ASTM Test Method Property Value
Volume Resistivity (Ohm-m) D-257 1E13
Surface Resistivity (Ohm) D-257 1E13
Processing Guidelines
Material Handling
Max. Water content: 0.15%
Product is supplied in polyethylene bags and drying prior to molding is not required. However, after
relatively long storage or when handling material from previously opened containers, preliminary
drying is recommended in order to remove any moisture which has been absorbed. If drying is
required, a dehumidifying or desiccant dryer operating at 80 - 110C (176 - 230F) is recommended.
Drying time is dependent on moisture level, however 2-4 hours is generally sufficient. Further
information concerning safe handling procedures can be obtained from the Safety Data Sheet.
Alternatively, please contact your BASF representative.
Typical Profile
 
BASF Corporation
Engineering Plastics
1609 Biddle Avenue
Wyandotte, MI 48192
General Information: 800-BC-RESIN
Technical Assistance: 800-527-TECH (734-324-5150)
Web address: http://www.plasticsportal.com/usa
Page 1 of 2
0 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
® = registered trade mark of 
BASF SE Ultramid® B40 LN 
 
Product description Ultramid B40 LN is a polyamide 6 grade of high viscosity that is well suited 
for the production of blown and cast film. Clarity and thermoformability are 
enhanced by the incorporation of nucleating and slip agent. 
Specification  Test method Unit Value 
 Relative Viscosity (RV) 
1% [m/v] in 96% [m/m] 
sulfuric acid 
According to ISO 307 
(calculated by Huggins 
method) 
 3.89 - 4.17 
 Viscosity Number (VN) 
0,5% [m/v] in 96% 
[m/m] sulfuric acid 
According to ISO 307 ml/g 240 - 260 
 Moisture content According to ISO 15512 % [m/m] max. 0.06 
 Extractables According to ISO 6427-
chips not ground/16h 
% [m/m] max. 0.6 
 Lubricant  BASF method (mg/kg) 250 - 550 
 Nucleating agent BASF method (mg/kg) 250 - 550 
 Film grade BASF method  1 - 3 
     
General properties  Test method Unit Typical 
value 
 Melting point According to ISO 3146 °C 220 
 Density According to ISO 1183 g/cm3 1.12 - 1.15 
 Bulk density  kg/m3 780 
 Pellet size  mm 2 - 2.5 
 Pellet shape   round 
 Water absorption, 
23°C/50% rh 
 % 2.6 
 Water absorption, 
saturation in 
water 23°C 
 % 9.5 
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TOPAS® 5013L-10
Cyclic Olefin Copolymer (COC)
Property Value Unit Test Standard
Physical Properties
Density 1020 kg/m³ ISO 1183
Melt volume rate (MVR) (260°C, 2.16kg) 48 cm³/10min ISO 1133
Melt flow rate (MFR) (260°C, 2.16kg) 43 g/10min calculated
Water absorption (23°C-sat) 0.01 % ISO 62
Mechanical Properties
Tensile modulus (1mm/min) 460 kpsi ISO 527-3
Tensile stress at break (5mm/min) 6700 psi ISO 527-3
Tensile strain at break (5mm/min) 1.7 % ISO 527-3
Charpy impact strength @ 23C 6.2 ft-lbs/in² ISO 179/1eU
Charpy notched impact strength @ 23°C 0.8 ft-lbs/in² ISO 179/1eA
Thermal Properties
Glass transition temperature (10°C/min) 273 °F ISO 11357-1,-2,-3
DTUL @ 0.45 MPa 261 °F ISO 75-1, -2
Vicat softening temperature B50 (50°C/h 50N) 271 °F ISO 306
Flammability @1.6mm nom. thickn. HB Class UL94
Electrical Properties
Relative permittivity at 1-10 kHz 2.35 - IEC 60250
Volume resistivity <1E14 ohm×m IEC 60093
Comparative tracking index CTI >600 - IEC 60112
Optical Properties
Deg. of light transmission 91.4 % ISO 13468-2
Refractive index 1.533 - ISO 489
TOPAS Advanced Polymers
Tel:  +49 (0) 1805-1-86727 (Europe)                                        email: info@topas-us.com 
Tel:  +1 (859) 746-6447 (North America)
Injection molding grade for optical applications
                           Internet: www.topas.com
Date: June 17, 2014                                                                                                                                                                           Page 1 of 1
Data Sheet [English units] 
Notice to Users: Values shown are based on testing of laboratory test specimens and represent data that fall within the standard range of properties 
for natural material. These values alone do not represent a sufficient basis for any part design and are not intended for use in establishing maximum, minimum, 
or ranges of values for specification purposes. Colorants or other additives may cause significant variations in data values. - Properties of molded parts can be 
influenced by a wide variety of factors including, but not limited to, material selection, additives, part design, processing conditions and environmental exposure. 
Any determination of the suitability of a particular material and part design for any use contemplated by the users and the manner of such use is the sole 
responsibility of the users, who must assure themselves that the material as subsequently processed meets the needs of their particular product or use. - To the 
best of our knowledge, the information contained in this publication is accurate; however, we do not assume any liability whatsoever for the accuracy and 
completeness of such information. The information contained in this publication should not be construed as a promise or guarantee of specific properties of our 
products. It is the sole responsibility of the users to investigate whether any existing patents are infringed by the use of the materials mentioned in this 
publication. - Moreover, there is a need to reduce human exposure to many materials to the lowest practical limits in view of possible adverse effects. To the 
extent that any hazards may have been mentioned in this publication, we neither suggest nor guarantee that such hazards are the only ones which exist. We 
recommend that persons intending to rely on any recommendation or to use any equipment, processing technique, or material mentioned in this publication 
should satisfy themselves that they can meet all applicable safety and health standards. - We strongly recommend that users seek and adhere to the 
manufacturer’s current instructions for handling each material they use, and to entrust the handling of such material to adequately trained personnel only. 
Please call the telephone numbers listed for additional technical information. Call Customer Services for the appropriate Safety Data Sheets before attempting 
to process our products. - The products mentioned herein are not designed or promoted for use in medical or dental implants. 
 
  
TOPAS Advanced Polymers 
Tel:  +49 (0) 1805-1-86727 (Europe) email: info@topas.com Internet: www.topas.com 
Tel:  +1 (859) 746-6447 (North America) 
Date: 06.09.20132007  Page 1 of 1 
 
 
Processing Conditions for Injection Molding 
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Processing temperatures: TF=< 100 °C < 212 °F 
T1=230-260 °C 446-500 °F 
T2=240-270 °C 464-518 °F 
T3=250-280 °C 482-536 °F 
T4=260-290 °C 500-554 °F 
TN=240-300 °C 464-572 °F 
TM=240-300 °C 464-572 °F 
Mold-temperature: TD = 95 - 125 °C 203-257 °F 
Max. residence time < 15 min;  short interruption to cycle:  
reduce Tx= 170°C (338°F) ! 
Injection pressure: PSp =  500 - 1100 bar / 7- 16 kpsi (specific) 
Hold on pressure: PN  =  300 - 600 bar / 4- 9 kpsi (specific) 
Back pressure: PSt =  150 bar / 2200 psi max. (specific) 
Screw speed: ns  = 50 - 200 rpm 
Injection speed: moderate to fast (50 mm/sec - 150 mm/sec) 
Nozzle type: free - flow 
Pre Drying: 100°C (212 °F) / 6hours 
Note:  Shrinkage is dependent on processing conditions and part design. Typical shrinkage values 
are 0,4 - 0,7% 
 TOPAS Advanced Polymers recommends only external heated hot runner systems. 
 For molded parts with especially high requirements to the surface quality we recommend to 
choose the highest possible mold temperature. 
 
 
 
 
 
IMPORTANT: This publication contains general advice for processing our products. It indicates typical processing 
conditions, and is not intended to cover individual cases. The properties of our products may change as a result of processing 
conditions or the inclusion of additives. The information contained in this publication should not be construed as a promise or 
guarantee of specific properties of our products.  We strongly recommend that users seek and adhere to the manufacturer’s 
current instructions for handling each material they use, and to entrust the handling of such material to adequately trained 
personnel only. Please refer to the appropriate Safety Data Sheets before attempting to process our products.  
 
TD T4 T3 T2 T1 
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SCHEDA TECNICA RIVESTIMENTO
NOME
Formula
Tipologia
TRIBOLOGIA Valore Norma di riferimento Strumentazione
Spessore 2±0,5 µm UNI 1071-2 Calotest
Adesione 55±4N UNI 1071-3 Scratch Test
Durezza 2200±300HV ISO 14577-1 Nanoindenter
Coefficiente di attrito 0,15±0,02 ASTM G99-04 Ball on disc
Rugosità 0,10±0,01µm UNI 11255 Rugosimetro
Resistenza a Corrosione 1500 ore ASTM B117-07a  Camera per SST
CHIMICA Stechiometria (%) Strumentazione
Cr SEM-EDX
Diamond Like Carbon (DLC)
a-C:H
Multilayer Gradiente
3
N SEM-EDX
C SEM-EDX
Si SEM-EDX
H
PRODUZIONE
Tecnologia
Evaporazione
Target
Gas
Liquido
CERTIFICAZIONE Approvazione
Procedura Interna ISO 9001 P-07.4
ISO TS 16949 Si
EN 1935 Si
ISO 10993 Si
Sputtering
Silano
Cromo
Argon, Idrogeno , Azoto, Acetilene
2
33
52
10
Dato
PaCVD
SCHEDA TECNICA RIVESTIMENTO
NOME
Formula
Tipologia
TRIBOLOGIA Valore Norma di riferimento Strumentazione
Spessore 3±0,5 µm UNI 1071-2 Calotest
Adesione 80±5N UNI 1071-3 Scratch Test
Durezza 2973±263HV ISO 14577-1 Nanoindenter
Coefficiente di attrito ASTM G99-04 Ball on disc
Rugosità 0,17±0,05 UNI 11255 Rugosimetro
Resistenza a Corrosione 1500 ore ASTM B117-07a  Camera per SST
CHIMICA Strumentazione
Cr
HDP Plastic
CrTiNbN
Bilayer
Stechiometria (%)
Ti
Nb
N
PRODUZIONE
Tecnologia
Evaporazione
Target
Gas
CERTIFICAZIONE Approvazione
Procedura Interna ISO 9001 P-07.4
ISO TS 16949 Si
EN 1935 No
ISO 10993 No
Ti/Nb e Cr
Argon, Idrogeno , Azoto
Dato
PVD
Arco
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3.4 HASCO
Auswerferstift,zylindrischerKopf
Ejectorpin,cylindricalhead
Ejecteuràtêtecylindrique
Mat.:WS(≈1.2516)
DIN1530-1
gehärtet/hardened/trempé
Z 40 /. . .
k1 -0,05
d2
 -0
,2
d1
 g
6
l1 +2
r1 +0.2
45±5 HRC
60±2 HRC
Rz 2,5
r1 k1 d2 d1 l1 Nr. / No.
0,2 1,2 2,5 0,8 40 Z40/0,8x 40
50 50
63 63
80 80
100 100
125 125
160 160
1 40 Z40/1 x 40
50 50
63 63
80 80
100 100
125 125
160 160
200 200
1,1 40 Z40/1,1x 40
50 50
63 63
80 80
100 100
125 125
160 160
200 200
1,2 40 Z40/1,2x 40
50 50
63 63
80 80
100 100
125 125
160 160
200 200
1,5 3 1,3 40 Z40/1,3x 40
50 50
63 63
80 80
r1 k1 d2 d1 l1 Nr. / No.
0,2 1,5 3 1,3 100 Z40/1,3x100
125 125
160 160
200 200
1,4 40 Z40/1,4x 40
50 50
63 63
80 80
100 100
125 125
160 160
200 200
1,5 40 Z40/1,5x 40
50 50
63 63
80 80
100 100
125 125
160 160
200 200
250 250
1,6 40 Z40/1,6x 40
63 63
80 80
100 100
125 125
160 160
200 200
250 250
1,7 40 Z40/1,7x 40
50 50
63 63
80 80
100 100
125 125
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(U.S.) 1.888.848.8449
(International) 001.714.428.3636
Pricing & Availability at KyoceraPrecisionTools.com
U.S. Stock Standard : Þ
NOT STOCKED - Call for Delivery : �
Coming Soon : �
BALL NOSE END MILLS ( C O N T I N U E D )  SERIES  1625
2 FLUTE
STANDARD LENGTH BALL NOSE END MILLS
0.10mm - 6.00mm DIAMETER
Mirror Surface Finishes
Sub Micron Grain Carbide
STANDARD Length (Metric Sizes)
Dimensions (mm) Uncoated AlTiN Coating
D +0.00mm–0.02mm dh6 � L Part Number Stock Part Number Stock
0.10 3 0.30 38 1625-0039.012 Þ 1625-0039L012 Þ
0.15 3 0.45 38 1625-0059.018 Þ 1625-0059L018 Þ
0.20 3 0.60 38 1625-0079.024 Þ 1625-0079L024 Þ
0.25 3 0.75 38 1625-0098.029 Þ 1625-0098L029 Þ
0.30 3 0.90 38 1625-0118.035 Þ 1625-0118L035 Þ
0.35 3 1.05 38 1625-0138.041 Þ 1625-0138L041 Þ
0.40 3 1.20 38 1625-0157.047 Þ 1625-0157L047 Þ
0.45 3 1.35 38 1625-0177.053 Þ 1625-0177L053 Þ
0.50 3 1.50 38 1625-0197.059 Þ 1625-0197L059 Þ
0.60 3 1.80 38 1625-0236.071 Þ 1625-0236L071 Þ
0.70 3 2.10 38 1625-0276.083 Þ 1625-0276L083 Þ
0.80 3 2.40 38 1625-0315.095 Þ 1625-0315L095 Þ
0.90 3 2.70 38 1625-0354.106 Þ 1625-0354L106 Þ
1.00 3 3.00 38 1625-0394.118 Þ 1625-0394L118 Þ
1.10 3 3.30 38 1625-0433.130 Þ 1625-0433L130 Þ
1.20 3 3.60 38 1625-0472.142 Þ 1625-0472L142 Þ
1.30 3 3.90 38 1625-0512.154 Þ 1625-0512L154 Þ
1.40 3 4.20 38 1625-0551.165 Þ 1625-0551L165 Þ
1.50 3 4.50 38 1625-0591.177 Þ 1625-0591L177 Þ
1.60 3 4.80 38 1625-0630.189 Þ 1625-0630L189 Þ
1.70 3 5.10 38 1625-0669.201 Þ 1625-0669L201 Þ
1.80 3 5.40 38 1625-0709.213 Þ 1625-0709L213 Þ
1.90 3 5.70 38 1625-0748.224 Þ 1625-0748L224 Þ
2.00 3 6.00 38 1625-0787.236 Þ 1625-0787L236 Þ
2.50 3 7.50 38 1625-0984.295 Þ 1625-0984L295 Þ
3.00 3 9.00 38 1625-1181.354 Þ 1625-1181L354 Þ
3.50 4 10.50 50 1625-1378.413 Þ 1625-1378L413 Þ
4.00 5 12.00 50 1625-1575.473 Þ 1625-1575L473 Þ
4.50 5 13.50 50 1625-1772.532 Þ 1625-1772L532 Þ
5.00 5 15.00 50 1625-1968.590 Þ 1625-1968L590 Þ
5.50 6 16.50 50 1625-2165.650 Þ 1625-2165L650 Þ
6.00 6 18.00 50 1625-2362.709 Þ 1625-2362L709 Þ
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